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A new system-on-a-chip radar sensor for next-generation wearable wireless interface applied to the human health care and safe-
guard is presented. The system overview is provided and the feasibility study of the radar sensor is presented. In detail, the overall
system consists of a radar sensor for detecting the heart and breath rates and a low-power IEEE 802.15.4 ZigBee radio inter-
face, which provides a wireless data link with remote data acquisition and control units. In particular, the pulse radar exploits
3.1–10.6GHz ultra-wideband signals which allow a signiﬁcant reduction of the transceiver complexity and then of its power con-
sumption. The operating principle of the radar for the cardiopulmonary monitoring is highlighted and the results of the system
analysis are reported. Moreover, the results obtained from the building-blocks design, the channel measurement, and the ultra-
wideband antenna realization are reported.
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1. INTRODUCTION
In February 2002, the Federal Communications Commis-
sion(FCC)gavethepermissionforthemarketingandopera-
tion of a new class of products incorporating ultra-wideband
(UWB) technology [1]. The FCC, through a modiﬁcation of
the 47 CRF Part 15 regulations [2], decided to allocate for
the UWB systems an unlicensed band 7.5GHz wide (for the
ﬁrst time, in a nonexclusive way), in the range of the radio-
frequency spectrum 3.1–10.6GHz. Moreover, the FCC allo-
cates the unlicensed radio-frequency spectrum between 22
and 29GHz, for UWB short-range vehicular radars.
Since UWB systems have been released to operate in re-
gions of spectrum in which other services are already op-
erating, the mask of the maximum power spectral density
(PSD) allowed for UWB devices has been set to very low val-
ues (−41.3dBm/MHz in the 3.1–10.6GHz band).
UWB devices can be employed for several applications:
ground penetrating radar (GPR), medical imaging, wall
imaging, through-wall imaging, surveillance, and high data
rate communication systems.
One of the most promising class of applications of the
UWB systems consists of the medical imaging (ﬁeld distur-
bance sensors designed to detect the location or the move-
ment of objects within the body of a person or animal [2]).
In particular, a UWB radar sensor can be employed to moni-
tor the heart wall and chest movements, in order to detect in
real time the heart and breath rates, respectively.
The idea at the base of the work presented herein, which
has been presented recently [3], consists of the realization
of a novel wearable wireless interface for the monitoring of
the heart beat and breath rates. This work is a part of the
ProeTEX Project (FP6-2004-IST-4-026987), a European in-
tegrated project aimed at developing a new generation of
equipments for the market of emergency operators, like ﬁre-
ﬁghters and civil protection rescuers.
Modern silicon technologies (e.g., transistors of the stan-
dard CMOS 90nm technology of ST Microelectronics have2 International Journal of Telemedicine and Applications
Low-power
radio
(IEEE 802.15.4)
Single silicon die
Microstrip board (textile)
RF sensor
(UWB radar)
Single silicon die
Microstrip board (textile)
Figure 1: Wearable wireless interface for the heart monitoring: sys-
tem idea.
cutoﬀ frequencies higher than 150GHz) allow us to realize
miniaturized and ultra-small- and ultra-low-power wireless
UWB sensors for WBAN (wireless body area network) appli-
cations. WBANs consist of sensor networks, in which a set
of small sensors is placed around the human body or im-
planted in it, in order to monitor constantly the vital pa-
rameters and movements of the person under observation.
The information collected by these sensors can be sent, by
means of radio-frequency data link, toward remote data ac-
quisition and signal processing units or even to a personal
server, which can forward the data to the medical centers and
hospitals by means of the Internet. In this way, the medical
staﬀ can investigate the manifesting of the heart diseases over
all the daily activities of the subject under observation.
With respect to the preliminary study reported in [3],
several details concerning the system analysis have been dealt
with and reported in this paper. Moreover, this paper reports
the advances and the present status of this research. In par-
ticular, the performance of the building blocks designed on
silicon and the experimental characterization of the intra-
body channel and the UWB antenna are reported. The pa-
per is organized as follows. In Section 2,as y s t e mo v e rvi e wo f
the next-generation wearable wireless interface for the heart
monitoring is presented. In Section 3, after a brief introduc-
tion on the techniques adopted to monitor the heart activity,
the principle of operation of UWB radar sensor for the heart
monitoring is highlighted. In Section 4, the feasibility study
of the UWB radar sensor is discussed. In Section 5,as u r v e y
onthechannel-lossmeasurementsandthebuildingblocksof
the radar is reported, and future developments are discussed.
Finally, in Section 6, the conclusions derived by this work are
drawn.
2. WEARABLE WIRELESS INTERFACE FOR
HEART MONITORING: SYSTEM OVERVIEW
The aim of the presented work consists of realizing a novel
wearable wireless interface for the heart monitor.
TheoverallsystemideaisshowninFigure 1.Itconsistsof
a fully integrated UWB radar sensor and a low-power radio
interface,whereeachsectionisrealizedonasinglesilicondie.
The radar sensor and the low-data-rate wireless transceiver
are implemented in a standard CMOS 90nm technology by
ST Microelectronics.
Figure 2: Prototype of the inner garment in which the wearable
wireless interface for the detection of the heart and breath rates will
be included. In detail, the sensor will be placed around the circled
area.
By referring to the scheme of Figure 1, each antenna is
realized on a microstrip substrate; however, in the most ad-
vanced realization, they can be realized directly by means of
proper conductive layer tissues within clothes [4]. These in-
terfaceswillbeinsertedintoaninnergarmentwornbyemer-
gency operators, which is shown in Figure 2.
The data acquired by the UWB radar sensor are trans-
ferred to a personal or remote unit by means of the low-
power radio data link realized by a wireless transceiver based
on the IEEE 802.15.4 (ZigBee) standard. By means of the
low-power transceiver, the UWB radar sensor can be re-
motely programmed, increasing the ﬂexibility of the system.
A future perspective is the realization of both the radar
sensor and the low-power transceiver on the same silicon die
(see Figure 3), in order to raise the level of miniaturization
and to reduce further on the ﬁnal costs of the system.
3. UWB RADAR SENSOR: PRINCIPLE OF OPERATION
A survey on the current techniques for the cardiac monitor-
ing and the novel radar system proposed in this paper are
reported hereinafter.
3.1. Radarsensorsformonitoringthecardiacactivity
The most widespread system for the monitoring of the car-
diac activity is the electrocardiograph (ECG). The informa-
tion provided by ECG is related to heart electrical activity.
Pulse oximetry allows us to detect the cardiorespiratory ac-
tivity, by measuring the saturation level of the oxygen in the
blood. Other systems for the monitoring of the cardiac ac-
tivity are based on ultrasounds (echocardiograph or echo
Doppler). Ultrasound-based systems are generally cumber-
some and they can be used only by specialized operators.
Anyway, all the presented measurement techniques require
the direct contact with the body in order to carry out the
measurement.Domenico Zito et al. 3
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Figure 3: Future perspective: integration on a single silicon chip of
the overall wearable wireless interface on a single silicon chip.
Unlike the traditional techniques (electrocardiograph,
ecocardiograph, and pulsed oximetry), radar systems allow
themonitoringoftheheartactivityinanoninvasiveandcon-
tactless way for the patient [5]. Microwave Doppler radars
have been used to detect the respiration rate since 1975 [6].
These ﬁrst devices were bulky and expensive, but in recent
times CMOS fully integrated versions of a radar for noncon-
tact cardiopulmonary monitoring have been presented [7].
Doppler radars typically transmit a continuous wave sig-
nalandreceivetheechoreﬂectedbythetarget.Thefrequency
of the reﬂected signal varies from that of the transmitted one
by an amount proportional to the relative velocity of the tar-
get with respect to the radar.
Another class of radar employed for the monitoring of
vital parameters is based on pulse transmission. Pulse radars
operate by sending short electromagnetic pulses and by re-
ceiving the echoes reﬂected by the target. The time delay be-
tween the transmission of the pulse and the reception of the
echo is proportional to the distance from the target to the
radar. Discrete prototypes of pulse radar for the detection of
vital parameters are reported in literature [8, 9].
It is worth mentioning that radar sensors monitor the
mechanical movement of the heart wall instead of the elec-
trical activity of the heart (as the electrocardiograph), and
then diseases of the heart that does not show anomalies in
theelectricalactivitycanbediscoveredaswell.Moreover,the
UWB pulses are not inﬂuenced by blankets or clothes [8].
From a circuit design point of view, UWB transceivers
present a lower complexity with respect to traditional radio-
frequency system, leading to a low-power consumption for a
longlifeofthebattery.Infact,withrespecttothelatter,UWB
systems do not require a stable frequency reference, which
typically requires a large area on silicon die and consumes a
high amount of power.
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Figure 4: Block diagram of the proposed fully integrated UWB
radar for the detection of heart and breath rates.
Moreover, the extremely low level of transmitted power
density (lower than −41.3dBm/MHz) of the UWB radar
should reduce the risk of molecular ionization [10–15].
3.2. UWB(3.1–10.6GHz)radarsensorfor
medicalapplications:principleofoperation
The main block of the novel wearable wireless interface for
human health care described herein is the UWB radar sen-
sor. The block diagram of the proposed radar sensor for the
detection of the heart and breath rates is shown in Figure 4.
The radar exploits a correlation-based receiver topology fol-
lowed by an integrator, which averages the received pulses in
ordertohaveanoutputsignalcontainingtheinformationon
the heart and breath tones.
The operating principle of a cross-correlator radar is ex-
plained hereinafter. An electromagnetic pulse is transmitted
toward the target. The echo received from the target is mul-
tiplied with a delayed replica of the pulse transmitted; the
output signal of the multiplier is then integrated. Note that
the output signal will reach its maximum in the case of per-
fect time alignment between the two signals at the input of
the multiplier itself. In other terms, the cross-correlator has
a frequency response equal to that of a matched ﬁlter. In par-
ticular, it can be demonstrated that the matched ﬁlter is the
ﬁlterthatallowsto obtain the bestsignal-to-noise ratio atthe
output [16]. Moreover, this has been conﬁrmed by prelimi-
nary system simulations (by means of the Ptolemy simulator
within Agilent ADS2005A). In detail, the CAD system analy-
sis has shown that this topology allows us to achieve the best
performance in terms of output signal-to-noise ratio (SNR)
and sensitivity to small variations of the position of the heart
wall with respect to other topologies, like that in which the
receiver is simply turned on by the command given by the
delayed replica of the transmitted pulse [8, 9].
The principle of operation of the overall radar system
shown in Figure 4 is explained hereinafter. A train of ex-
tremely short (about 200 picoseconds) Gaussian monocycle
electromagnetic pulses is transmitted toward the heart. Since
the heart muscle and the blood that ﬂows inside have diﬀer-
ent characteristic impedance, a partial reﬂection of the en-
ergy associated with the radiated pulse occurs at the surface
of separation of these two diﬀerent media [8].4 International Journal of Telemedicine and Applications
After a time delay approximately equal to the ﬂight time
of the pulse from the transmitter to the receiver (about two
nanoseconds),adelayedreplicaofthetransmittedpulsegen-
erated internally (by the delay and shaper blocks) is multi-
plied with the echo received. It is worth mentioning that, in
practice, the shaper block can be replaced by an additional
pulse generator. A pulse repetition frequency (PRF) greater
than 1MHz allows us to consider the heart almost “motion-
less” between two consecutive pulses. The amplitude of the
signal at the output of the multiplier reaches its maximum
when the received echo and the delayed replica of the trans-
mitted pulse are perfectly time aligned. If the time delay is
ﬁxed, a ﬁxed range gate is monitored by the radar, and the
amplitude of the signal at the output of the multiplier is
related to the position of the heart. The output voltage of
the receiver front end is averaged by integrating over a large
number of pulses. This operation allows us to increase con-
siderably the signal-to-noise ratio at the output of the re-
ceiver, as explained in Section 4.2. Moreover, the amplitude
of the continuous signal at the output of the integrator is re-
latedtothetime-varyingpositionofthemovingobjectunder
observation, that is the heart wall in our case. Therefore, the
output signal provided by the integrator includes the tones
of the heart beat and breath frequencies.
4. FEASIBILITY STUDY OF THE
UWB (3.1–10.6GHz) RADAR SENSOR
A theoretical model of the intra-body channel in which the
electromagnetic pulse propagates has been developed and a
complete feasibility study of the UWB radar sensor has been
carried out in order to demonstrate the eﬀectiveness of such
an approach. The speciﬁcations of the single blocks of the
radar have been derived by taking into account the perfor-
mance achievable by means of its implementation in a stan-
dard CMOS 90nm technology by ST Microelectronics. Sys-
temsimulationshavebeenperformedbymeansofCADtools
in order to verify the feasibility of the proposed UWB sen-
sor radar. In particular, CAD tool system analysis has been
carried out by including accurate models at diﬀerent levels
of abstraction and nonideal eﬀects (noise contribution and
bandwidth limitation of the building blocks) associated with
the technology process.
4.1. Asimpletheoreticalmodelofthechannel
A simple theoretical model of the channel has been devel-
oped in order to derive the system speciﬁcations of the fully
integrated radar sensor, and then simulate the overall radar
system.
A frequency-dependent channel-loss model (in the band
1–12GHz) has been developed. The overall loss (L(f)) has
been calculated by taking into consideration the contribu-
tions of the following: (i) path loss (PL(f)); (ii) attenuation
in the tissues (Att(f)); and (iii) losses due to the reﬂections
at the interface between diﬀerent tissues (Rﬂ(f)). The prop-
erties of the body tissues have been extracted by the para-
metric model of the dielectric properties of the body tissues
developedbyC.Gabrieletal.atBrooksAirForceBase(USA)
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Figure 5:Channellossversusfrequencypredictedbythenear-ﬁeld-
based model.
[17, 18]. As for the thickness of the tissues layers, the model
proposed in [5], based on the Visible Human Project and
Gabriel’s data book, has been considered. An antenna gain
equal to 1.8 (2.5dB) has been chosen to determine the con-
tribution of the path loss, by referring to a UWB antenna re-
alized, which has been proposed in [19]. Since we rely on ap-
plying the system-on-a-chip radar, and thus its antenna, very
close to the skin in proximity of the chest, near ﬁeld equa-
tions [20, 21] have been used in order to evaluate the path
and reﬂection losses.
The detailed formulas employed to derive the frequency-
dependent channel-loss model have been reported in [22].
T h er e s u l ti ss u m m a r i z e dh e r e i n( s e eFigure 5).
Simulation results show that the average power loss of
the pulse in the 3.1–0.6GHz band amounts to about 80dB.
Note that this result is in agreement with the channel mea-
surements reported in [23].
The time of ﬂight of the pulse has been estimated in
about two nanoseconds (in accordance with the data re-
ported in the literature [8]). The maximum time diﬀerence
in the ﬂight time of the pulses due to the heart displacement
(1-2cm) has been estimated in a few hundreds of picosec-
onds.
Tovalidatethischannel-lossmodel,asetofseveralanten-
naseachoperatinginadiﬀerentfrequencysubrangehasbeen
realizedinordertoperformchannel-lossmeasurementsover
the frequency range of interest. The results are described in
Section 5.
4.2. Theoreticalsystemanalysisandspeciﬁcations
As for the transmitted electromagnetic pulse, it has to be
very short in order to have a range resolution in the order
of the centimeter, since the maximum displacement of the
heart wall is of a few centimetres (1-2cm). A duration time
(τ) of the pulse of about 200 picoseconds makes possible the
achievement of an accurate range resolution. Thus the maxi-
mum of the power spectral density results would be at 5GHz
(within the 3.1–10.6GHz band), since the maximum of theDomenico Zito et al. 5
spectrumofaGgaussianmonocyclepulseisplacedatthefre-
quency 1/τ.
The Gaussian monocycle has been preferred to the Gaus-
sian pulse because it has no dc component and its spectrum
matches the FCC emission level mask. Furthermore, the
Gaussian monocycle pulse can be implemented eﬃciently on
silicon by means of diﬀerential transmitter [24]. The peak-
to-peak voltage of the pulse has been chosen equal to 1.2V,
by considering that the radar will be realized in a standard
CMOS 90nm technology by ST Microelectronics, which is
characterized by a power supply of 1.2V (this is not a critical
valuesincethetheoreticalmaximumpeak-to-peakvoltageof
the pulse generated by the diﬀerential transmitter amounts
to the double of the supply voltage, without considering the
voltage drop in the transistors).
As for the receiver, if SNRout is the advisable output
signal-to-noise ratio, the minimum power (Smin)r e q u i r e da t
the input of the receiver amounts to
Smin = k × T ×B ×NF ×SNRout,( 1 )
where k is the Boltzmann constant (1.38 × 10
−23), T is the
equivalent temperature of the antenna, NF is the receiver
noise ﬁgure, B the bandwidth of the receiver, and SNRout is
the signal-to-noise ratio at the output of the receiver. If we
consider an average channel loss equal to 80dB in the 3.1–
10.6GHz band, a noise ﬁgure lower than −11.5dB would be
required in order to have an output SNR greater than 10dB
(for a single pulse).
This result is clearly not reachable in practice, so that
an improvement is required. The output SNR of the radar
receiver can be increased by integrating several pulses. The
characteristic frequencies of the vital parameters under ob-
servation are within a few Hertz, then an integrator band of
100Hz is wide enough to keep appropriately the heart and
breath rates. The case of an integrator with a bandwidth of
1KHz and a PRF in the range 1–10MHz has been investi-
gated.ForaPRFequalto10MHz,10000pulsesareaveraged.
In particular, an integration over 10000 pulses allows an im-
provement of the SNR (SNRimp) at the output of the receiver
of about 40dB, as shown in the tables reported in [25]. This
result is conﬁrmed by the rough estimation given by the fol-
lowing equation:
SNRimp ≈ 10 ×log

PRF
Bint

= 10 × log10000 = 40dB, (2)
where Bint is the bandwidth of the integrator. The receiver
front-end(LNAandmultiplier)speciﬁcationresultsaretobe
thus relaxed by the integration of a great number of pulses.
In these conditions, the noise ﬁgure of the receiver front end
has to be lower than
NFmax =− 11.5+4 0= 28.5dB. (3)
The speciﬁcations for the LNA are set in a power gain
of 15dB and a noise ﬁgure of 5dB, whereas for the multi-
plier, a voltage gain of 0dB and a noise ﬁgure of 10dB. With
these speciﬁcations, the noise ﬁgure of the overall receiver
front end will result in largely lower than the maximum NF
allowed for a proper detection. It is worth mentioning that
the aforementioned speciﬁcations can be obtained by an im-
plementation in a standard CMOS 90nm technology.
Within this framework, a large integrator voltage gain is
required. In fact, the dc component of the signal at the out-
putofthemultiplier,inthecaseofperfecttimealignmentbe-
tweenthesignalreceivedandthereplicadelayedofthetrans-
mitted pulse, has been estimated in a few hundreds of nano-
volts. Thus, an integrator gain equal to 120dB is required in
order to have an amplitude voltage of a few hundreds of mil-
livolts at the integrator output.
4.3. SystemanalysisbymeansofCADtoolsimulations
The overall radar system has been simulated by means of
the Ptolemy simulator within the CAD tool ADS2005A by
Agilent Technologies. Each block of the overall radar sys-
tem has been implemented in the simulator by functional
blocks which take into account their bandwidth limitations
and noise contributions.
Thechannelmodel(ofthehumanchest)hasbeenimple-
mented as a frequency-dependent S-parameter block, which
has been included in the system analysis of the overall radar.
This parameter description provides an equivalent behav-
ior in terms of frequency response of the theoretical channel
model shown in Section 4.1.
The simulation results show that the transmitted pulse
is strongly distorted by the channel. To be noted that in
narrow-band radar, the reﬂected wave has almost that same
shapeofthetransmitted:itkeepsthesinusoidalshapeforsig-
nal down-conversion such as addition, subtraction, diﬀeren-
tiation, and integration. In the case of UWB radar, the signal
changes its shape during transmission, channel propagation,
and reception and this impairs the signal-to-noise ratio.
Anadditionalblockrealizingaperiodicallyvariableﬂight
timehasbeenincludedinordertoemulatethecardiacmove-
ment.Forthesakeofclarity,thisblockemulatesonlytwopo-
sitionsoftheheart,providingadiﬀerenceof200picoseconds
in the arrival time of the pulse received for the two positions.
The heartbeat period has been set in 20 milliseconds (this
has been reduced with respect to the real heart movement
in order to reduce the simulation time). However, this is not
a limitation since the radar system reaches the steady state
within ten milliseconds, thus the simulation results in terms
of output signal and output SNR will not be inﬂuenced by
this assumption.
Moreover, an additional white thermal noise source has
been included in the channel in order to take into account
the antenna noise at the input of the receiver. Both antennas,
that of the transmitter and that of the receiver, have been in-
cluded in the simulator by a 7.5GHz band ﬁlter (centred at
6.85GHz, with a slope of −20dB/dec) each. The LNA block
has a band of 3.1–10.6GHz and an out-band slope of the fre-
quency response equal to −20dB/dec.
A two-step simulation has been carried out, since the
timeconstantsoftheradio-frequencyandthebasebandparts
of the radar are quite diﬀerent. Actually, the radio-frequency
part has to be simulated with a timestep of about one tenth
of the pulse width (i.e., the duration time), whereas the6 International Journal of Telemedicine and Applications
baseband part requires a simulation time of at least several
tens of milliseconds. A timestep of 10 picoseconds has been
adopted for the RF section. The integrator (with 120dB of
gain and 1KHz of band) has been splitted in three low-pass
ﬁlters with gain equal to 40dB and band equal to 10MHz,
100KHz, and 1KHz, respectively.
Simulation results are in agreement with those obtained
by theoretical system analysis. In particular, the simulations
show that the increase of the SNR from the output of the
multiplier to the output of the integrator is of about 40dB,
as predicted by the theoretical system analysis.
Figure 6 shows the following: (i) the power spectral den-
sity (PSD) of the pulse sequence with duration time of
200 picoseconds, 1.2 Volt peak-to-peak amplitude, and PRF
equal to 1MHz, at the input of the antenna ﬁlter; (ii) the
power spectral density (PSD) of the pulse sequence resulting
and PRF equal to 1MHz, at the output of the antenna ﬁlter;
and (iii) the FCC mask for the UWB medical imaging ap-
plications. The Gaussian monocycle pulse at the input of the
transmitter antenna ﬁlter and the pulse obtained at the out-
put of the antenna ﬁlter are shown in Figure 7. The pulse at
the input of the receiver (i.e., the output of the antenna ﬁlter
of the receiver) is shown in Figure 8. Note the large amount
of noise superimposed to the advisable signal. The output
voltage of the integrator is shown in Figure 9. Note that the
output signal reaches two diﬀerent voltages for the two dif-
ferent positions of the heart.
Itisworthmentioningthatsimilarperformancehasbeen
obtained by using sinusoidal pulses with the same duration
and amplitude.
5. PRESENT STATUS AND FUTURE WORKS
Presentandfutureworksareaddressedtothebuildingblocks
design in CMOS 90nm technology by ST Microelectron-
ics and their cointegration, UWB antenna design, channel
model veriﬁcation by means of measurements, system-on-
a-chip prototyping, and experimental characterization.
A set of antennas resonating at the frequencies of interest
hasbeenrealizedinordertoperformchannelmeasurements.
The results of these measurements are hereinafter reported.
Moreover, preliminary prototypes of UWB antenna have
been realized.
The most critical radio-frequency blocks of the radar
(low noise ampliﬁer, pulse generator, and multiplier) have
beendesignedandsenttothesiliconfoundryforthetestchip
prototyping.
A summary of the most relevant results achieved at the
present status is reported.
5.1. Channel-lossmeasurements
Experimental characterizations of the intrabody channel
have been reported in the literature [23]. It is important to
remark that results obtained by our simple channel model
have shown a wide agreement with those measured in [23].
In detail, this work reports that the mean loss in the UWB
band between two antennas placed towards the chest on the
same side is of about 80dB.
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Figure 10: Antenna prototype for the channel model veriﬁcation.
In order to verify deﬁnitively through measurements the
theoretical channel model we have developed, and to inves-
tigate some details concerning our application (e.g., the dis-
tance antenna-skin for a proper antenna operation), a set of
antennas resonating at diﬀerent frequencies in the spectrum
range of interest has been realized (an example is shown in
Figure 10). The antennas have been designed by means of
Momentum, the EM simulator within Advanced Design Sys-
tem (ADS) by Agilent Technologies.
The measurements have been carried out using a vector
network analyzer (VNA) placing two identical antennas, one
in front of the chest of the subject under test (SUT) and the
other on the back of the chest Although this measurement
setup is not directly related with the antenna-heart-antenna
path we modelled, this allows us to extract information con-
cerning the attenuation in the tissues, avoiding any system-
aticerrorcausedbyproximityeﬀects(i.e.,directcoupling)of
the two antennas placed on the same side. Each antenna ir-
Figure 11: Setup for the channel-loss measurement, setup between
the front and the back of a human chest.
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Figure 12: Measurement results of the intrabody channel loss.
radiates towards the other antenna. The measurement setup
is shown in Figure 11. The antennas are placed at one cm of
distance from the skin (by means of plastic structure, which
does not impair the electromagnetic behavior). Several tests
havebeencarriedoutbyvaryingthedistancebetweenthean-
tennaandtheskinsurface,showingthatthemeasurementre-
sults obtained do not signiﬁcantly vary for distances of more
than about ﬁve millimeters. If the distance antenna-skin de-
creases, then the radiation pattern of the antenna changes
and the attenuation increases. This result is in agreement
with the measurement reported by other researchers in [4].
The results of our measurements (and the resonating
frequencies of the set of antennas realized) are reported in
Figure 12. The mean value of |S21| has resulted approxi-
mately equal to 78dB. Note that the antennas we designed
have a gain of about ten dB. Thus if we consider the typi-
cal path loss of a UWB antenna characterized by a gain of
2.5dB (as considered in our channel model [22]), an addi-
tional loss of about 15dB (10–2.5dB for each antenna) has
to be summed up. This means that the overall loss measured
amounts approximately to 93dB.8 International Journal of Telemedicine and Applications
Figure 13: Prototype of UWB antenna realized.
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Figure 14: Simulated (blue) and measured (red) S11 parameters of
the UWB antenna of Figure 13.
A direct comparison with the result (109dB) reported
in [23] cannot be carried out since, therein, the measure-
ments have been carried out by means of antennas at con-
tact with the skin. In fact, this causes an additional loss due
to the change of the radiation pattern of the antenna itself
(see above). Moreover, in [23], the directivity of the anten-
nas used to carry out the test is not reported. Regardless of
that, the two results are reasonably close to each other.
Anyway, the experimental results, in spite of being de-
rived from a diﬀerent setup, are in the order of those pre-
dicted by the model, especially in the lowest part of the 3.1–
10.6GHz frequency band. The increase of the attenuation at
the upper part of the frequency spectrum predicted by the
model is mitigated (in the measured results) by the increase
of the antenna eﬃciency of the antennas realized.
Finally, this experimental investigation shows that the
UWB radar, and especially its antenna, can be realized as
wearable device close to the human body.
5.2. UWBantenna
Preliminary UWB antenna prototypes have been realized.
Knight’s helm shape antennas [26]h a v eb e e nr e a l i z e di no r -
der to implement the wideband antenna. One of the antenna
prototypes is shown in Figure 13.
The antenna has been realized on a microstrip substrate.
As for the antenna, it is worth mentioning that the feasibility
of textile UWB antennas has been demonstrated in [4].
The simulated and measured parameter S11 of this an-
tenna is shown in Figure 14. It can be seen that the −10dB
band is between 4.081GHz and 14.95GHz. Note the large
agreement between measurements and simulations up to the
7.5GHz. However, the mismatch in the higher region of fre-
quency (from 7.5 to 10.6GHz) occurs and it is due to the
approximations (2D and 1/2) of the geometry introduced by
the EM simulator. The fractional bandwidth (B%), can be
deﬁned as follows:
B% =
B
fc
×100,
fc =
fmax + fmin
2
.
(4)
Then note that the fractional bandwidth results are equal to
114.22%.
Present and future works on this task are addressed to re-
alize a UWB antenna on a textile substrate with performance
perfectly matched with the UWB band.
5.3. BuildingblocksinCMOS90nmby
STMicroelectronics
A UWB 3.1–10.6GHz low-noise ampliﬁer (LNA) in CMOS
90nm process by ST Microelectronics has been designed.
The LNA consists of a common gate input stage and two
subsequent common source gain stages. The common gate
input stage allows the realization of a wideband input in-
tegrated matching to the source impedance of the antenna.
This novel topology allows the achievement of a wideband
input integrated matching by overcoming the issues of the
classical wideband input matching technique implemented
with passive low-pass ﬁlters, such as the parasitic eﬀects and
noisecontributionsintroducedbythepassiveelementsatthe
LNA input [27].
Schematic is reported therein [27]. With respect to the
solution presented in [27], a three-stage topology has been
adopted in order to reach the speciﬁcations in terms of gain.
If compared with other solutions with the same power
consumption, the proposed LNA exhibits a very good per-
formance tradeoﬀ between gain, bandwidth, noise, and lin-
earity. The design does not present any critical issues and ex-
hibits an excellent design reliability.
Postlayout simulations have shown that the presented
LNA provides a transducer gain (GT) of 19.34dB at 5.4GHz
anda−3dBbandfrom3.4GHzto8.3GHz.WithintheUWB
band, the S11 parameter is equal to −22.33dB at 3.1GHz
and −4.09dB at 10.6GHz. The noise ﬁgure (NF) is equal to
6.24dB at 3.1GHz and 5.13dB at 10.6GHz.
TheoverallLNAdraws41.71mAona1.2Vpowersupply
(biasing network included).
A novel fully integrated UWB pulse generator has been
also designed in CMOS 90nm process by ST Microelectron-
ics [28]. Schematic is therein [22]. The pulse generator pro-
vides monocycle pulses with duration time close to 250 pi-
coseconds and 1-V peak-to-peak amplitude. In detail, theDomenico Zito et al. 9
circuit provides a sinusoidal-like monocycle when activated
by a negative edge of a trigger signal provided by a micro-
controller. This activation can be delayed in the range 1–3
nanoseconds, by acting on a 5-bit programmable delay ele-
ment, which provides a total set of 32 diﬀerent delay times.
This new pulse generator provides a sinusoidal-like mo-
nocycle pulse with 1-V peak-to-peak and 250 picosec-
onds of duration time on a diﬀerential antenna with input
impedance equal to 100Ohm.
The overall pulse generator consumes 22mW on a 1.2V
power supply, which represents an extremely low-power dis-
sipation with respect to the other solutions presented in the
literature.
The multiplier consists of a PMOS input matching stage,
followed by a PMOS double balanced Gilbert cell terminated
on a capacitive load, representing the input impedance of the
following gain stage. Simulation results show a conversion
gain GC equal to 1.71.
To be noted that the performance of all the building
blocks is in line or widely within the system requirements.
For the sake of clarity, it has to be mentioned that the spec-
iﬁcations derived for the receiver were more stringent than
those strictly required for a proper operation.
Present work on this task is addressed to the design of the
delay generator and integrator (note that feasibility has been
widely demonstrated in several works presented in literature
[29,30]),andthecointegrationofallthebuildingblocksinto
a single silicon die.
6. CONCLUSIONS
The recent advances in silicon CMOS technology allow the
realization of more and more miniaturized, low-cost, and
low-power integrated system-on-a-chip sensors. These sen-
sors can be employed in the wireless body area networks, for
advanced and continuous monitoring of vital parameters.
In particular, the system overview of next-generation
wearable wireless sensors for human health care and safe-
guard has been presented herein. Such a system is composed
by a novel fully integrated ultra-wideband radar sensor for
the detection of the heart and breath rates and a low-power
radio interface (IEEE 802.15.4, ZigBee), which collects the
data provided by the sensor and sends these data to a remote
data acquisition unit or even in the Internet by means of a
personal server. Thus the physiological data of a person un-
der observation can be sent in real time to the hospital to be
analyzed and then the doctors could act in time in case of
anomalies in the vital parameters monitored.
A detailed feasibility study of the UWB radar on silicon
technology(CMOS90nm)hasbeencarriedout,bymeansof
boththeoreticalanalysisandCADtoolsimulations.Thesim-
ulation results have shown a wide agreement with the theo-
reticalmodeloftheradar,demonstratingthefeasibilityofthe
proposed system-on-a-chip radar in a modern silicon tech-
nology.
Moreover, the main critical building blocks of the radar
sensor have been designed and prototyped in CMOS 90nm
process by ST Microelectronics. Channel-loss model has
been conﬁrmed by means of several tests in laboratory. In
particular, measurement results of the intrabody loss have
shown results in quite agreement with the predicted ones es-
pecially in the lower portion of the 3.1–10.6GHz band. Pre-
liminaryprototypesofUWBantennashavebeenrealizedand
characterized to be implemented on a textile substrate.
Present and future works are addressed to the design of
the noncritical building blocks and ﬁnal system-on-a-chip
prototyping, the cointegration with the textile antenna, and
the medical characterization in clinical environment of this
innovative UWB microsensor for contactless and noninva-
sive cardiopulmonary monitoring.
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